Retinitis pigmentosa (RP), a genetically heterogeneous group of inherited retinal dystrophies, is one of the leading causes of visual disability in the developed world with an incidence of one in 4000.[@bib1] Mutations in numerous genes have been associated with RP, which typically leads to progressive degeneration of rod photoreceptors, followed by gradual loss of cone photoreceptors and subsequent atrophy of the retina and retinal pigment epithelium (RPE). Early symptoms include night-blindness and peripheral vision loss, which progress to severe tunnel vision and profound loss of visual acuity in advanced disease.

There is currently only one treatment approved by the Food and Drug Administration (FDA) for RP in the form of gene augmentation therapy for patients with biallelic mutations in the *RPE65* gene; however, there are no treatments for RP caused by mutations in any of the other genes. The other two main strategies for developing treatments for RP include cell-based therapy and small molecule neuroprotection, both of which have the potential advantage of being broadly applicable among patients with RP regardless of the genetic mutation. However, whereas cell-based therapies aim to replace photoreceptors or RPE in advanced disease, neuroprotection would also benefit patients early in the disease course by slowing the rate of degeneration. Thus neuroprotection remains an important strategy that is complementary and synergistic to gene and cell-based approaches.

The development of novel neuroprotective compounds requires a better understanding of the pathways for photoreceptor degeneration. Although both apoptotic and nonapoptotic cell death pathways have been implicated in RP,[@bib2]^--^[@bib7] neuroprotective strategies are more likely to be effective targeting upstream events and triggers of photoreceptor dysfunction. It has long been known that whole retinal cyclic guanosine monophosphate (cGMP) concentrations are abnormally elevated in the retina of rd1 mice and correlates with a decline in expression of phosphodiesterase 6 (PDE6) because of a nonsense mutation in the *Pde6b* gene.[@bib8]^,^[@bib9] The rd10 mouse is an even more popular model of RP, which possesses a missense mutation in the same gene and has a less-severe attenuation of PDE6 expression.[@bib10]^,^[@bib11] However, to our knowledge, there have been no publications on the whole retinal levels of cGMP in rd10 mice.

In the rod photoreceptor, PDE6 is the primary enzyme that hydrolyzes cGMP and regulates the activity of cGMP-gated Na^+^ and Ca^+2^ channels. Indeed, the abnormal presence of cGMP immunolabeling was shown to be specific to the photoreceptors on immunohistochemistry (IHC) in both rd1 and rd10 mice.[@bib4]^,^[@bib10]^,^[@bib12] Paquet-Durand and colleagues[@bib13] have shown that this anti-cGMP antibody signal is an intracellular biomarker for cGMP-dependent cytotoxicity and an alternative pathway for photoreceptor cell death.[@bib4]^,^[@bib13]^--^[@bib18] Interestingly, cGMP immunolabeling on IHC is also seen in other rodent models with mutations in other genes not directly related to cGMP hydrolysis, namely those associated with RP (*Prph2*, *Cngb1*, *Rho*), Leber congenital amaurosis (*Aipl1*), and achromatopsia (*Cnga3*).[@bib4]^,^[@bib19] This indicates that cGMP-dependent photoreceptor toxicity may be a common phenomenon that occurs independently of mutations affecting cGMP metabolism and whole retinal cGMP levels. Together, these studies show that cGMP dysregulation may be a common mechanism of photoreceptor cell death in up to 30% of RP and Leber congenital amaurosis.[@bib15]

There have been myriad promising neuroprotection studies in rd1 and rd10 mice[@bib11]^,^[@bib17]^,^[@bib18]^,^[@bib20]^--^[@bib69]; however, only one directly targets cGMP cytotoxicity.[@bib63] Here, we present another promising drug candidate that could potentially mitigate cGMP-dependent photoreceptor cell death. Mycophenolate mofetil (MMF) is a prodrug of mycophenolic acid (MPA), which potently suppresses de novo guanine nucleotide production by reversibly inhibiting inosine monophosphate dehydrogenase (IMPDH).[@bib70] Isoforms of IMPDH are strongly expressed by photoreceptors,[@bib71]^--^[@bib73] which makes MMF a potentially ideal neuroprotective agent that specifically targets the degenerating cells in RP. Moreover, MMF has been shown to be neuroprotective after excitatory injury, inhibit microglia activation, inhibit leukocytes, and act as an antioxidant.[@bib74]^--^[@bib78] In addition, MMF is an FDA-approved medication for organ transplantation and is commonly used off-label as an immunomodulatory medication for the treatment of ocular inflammation.[@bib79] Here, we present evidence that MMF is also a neuroprotective agent that potently inhibits retinal degeneration in rd10 and rd1 mice.

Methods {#sec2}
=======

Animals {#sec2-1}
-------

All animal care and tissue collection were performed with the approval of Institutional Animal Care and Use Committee at Oregon Health & Science University and conformed to United States Department of Agriculture standards and the Association for Research in Vision and Ophthalmology statement for the use of animals in ophthalmic and vision research. Breeding mice of the following genotypes were obtained from The Jackson Laboratory (Bar Harbor, ME, USA); wild-type C57BL/6J (c57), *Pde6b^rd10/rd10^*(rd10), and *Pde6b^rd1/rd1^*(C3H/HeOuJ or rd1). A DNeasy Blood & Tissue Kit from Qiagen (Hilden, Germany) was used to isolate gDNA from rd10 mice and PCR (Applied Biosystems, Coster City, CA, USA) was used to confirm the coding sequence containing the missense mutation in *Pde6b* according to manufacturer\'s instructions. Mice were housed in standard conditions under a 12-hour light-dark cycle. Mycophenolate Mofetil (CellCept; Genentech, San Francisco, CA, USA) was dissolved in 5% dextrose (Baxter, Deerfield, IL, USA). Mice were given daily intraperitoneal injections of MMF 25 to 100 mg/kg or vehicle (5% dextrose) up to postnatal day (P) 60. Pilot studies using MMF up to 200 mg/kg was not tolerated by the animals because of diarrhea, so 100 mg/kg was chosen as the maximum dose. To limit exposure to the breeding pair to the drug, rd10 mice receiving the first injection at P12 were weaned at P13, and mice receiving the first injection at P13 to P14 were weaned the same day. Retinal tissue and plasma were harvested 24 hours after the last dose in animals receiving injections.

Optical Coherence Tomography Imaging {#sec2-2}
------------------------------------

In vivo retinal imaging was performed throughout the experiment using spectral domain optical coherence tomography (SD-OCT) (Envisu R2200-HR SD-OCT; Bioptigen, Durham, NC, USA) as previously reported.[@bib80] Mice were sedated using 1.5% isoflurane, and sedation was maintained through a nose cone. Corneas were anesthetized with proparacaine, and pupils were dilated with 1% tropicamide and 2.5% phenylephrine. Horizontal (nasal and temporal) and vertical (superior and inferior) linear scans were obtained. SD-OCT scans were exported from InVivoVue software as AVI files then loaded into ImageJ (version 2.0; National Institutes of Health, Bethesda, MD, USA) and averaged as a z-stack using a custom plug-in. A custom segmentation program in IGOR Pro (version 6.37; WaveMetrics Inc., Lake Oswego, OR, USA) was used to quantify the nasal and temporal outer retinal thickness. Outer retinal thickness segmentation included both the photoreceptor and retinal pigment epithelial layer (receptor plus, REC+) and is measured from Bruch\'s membrane to the inner nuclear layer/outer plexiform layer junction ([Fig. 1](#fig1){ref-type="fig"}B).

![Effect of MMF on the outer retina in rd10 and rd1 mice. (**A)** OCT images of naïve rd10 mice degeneration over time from P15 to P35, which shows considerable loss in the outer retina by P23. (**B)** Representative OCT images of the retina at P22 showing that rd10 mice treated with MMF 100 mg/kg starting at P12 (MMFP12) had similar outer retinal structure to c57 mice, as compared with the degeneration seen in rd10 mice treated with vehicle. (**C)** REC+ thickness from rd10 mice treated with MMFP12 were significantly greater than naïve rd10 mice up to P35 even though the benefit declined after P22: P16 (n = 8 and 4, *P* \< 0.0001), P19 (n = 6 and 4, *P* \<0.0001), P22 (n = 16 and 9, *P* \< 0.0001), P27 (n = 8 and 7, *P* = 0.0021), P35 (n = 4 and 12, *P* = 0.0029), and P60 (n = 8 and 8, *P* \> 0.99). The REC+ thickness in c57 mice was stable across time. (**D)** MMF treatment of rd10 mice starting at P12 (n = 16) produced greater REC+ protection by P22 as compared with initiating treatment at P13 (MMFP13, n = 15, *P* \< 0.0001) or P14 (MMFP14, n = 12, *P* \< 0.0001) as well as vehicle-treated rd10 mice (n = 49, *P* \< 0.0001). The dose response of MMFP12 treatment in rd10 mice showed that 100 mg/kg (n = 16) produced significantly better efficacy compared with 50 mg/kg (n = 5, *P* \< 0.0001), 25 mg/kg (n = 5, *P* \< 0.0001), and no treatment (n = 9, *P* \< 0.0001). (**E)** The rd1 mice treated with 100 mg/kg MMF initiated at P8 (MMFP8) had significantly thicker REC+ than naïve rd1 mice at P15 (n = 13 and 8, *P* \< 0.0001), albeit the effect was more modest than in rd10 mice. INL, inner nuclear layer; EZ, ellipsoid zone; BM, Bruch\'s membrane; \**P* ≤ 0.05.](iovs-61-10-25-f001){#fig1}

Electroretinograms {#sec2-3}
------------------

Electroretinograms (ERGs) were recorded the day after SD-OCT imaging. Before ERG recording, mice were dark adapted for 40 minutes. The mice were then anesthetized under dim red light with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). The cornea was anesthetized with administration of proparacaine, and then pupils were dialed with application of 1% tropicamide and 2.5% phenylephrine. Anesthetized mice were placed on a heated platform (37**°**C) inside of a Ganzfeld dome coated with highly reflective white paint. Flash ERGs were recorded from platinum electrodes placed on the cornea, and eyes were lubricated with 2.5% hypromellose ophthalmic lubricant (Goniovisc; Dynamic Diagnostics, Westland, MI, USA). Platinum references and ground electrodes were placed subcutaneously in the forehead and tail. The signal was amplified with a preamplifier (Model CP511; Grass Instruments, West Warwick, RI, USA). ERG traces were averaged and then analyzed using custom software to export a- and b-wave amplitudes. Mice were than light-adapted for 10 minutes before eliciting photopic cone-dependent responses to white light, UV (365 nm), or green (500 nm) stimuli.

Immunohistochemistry {#sec2-4}
--------------------

Mice were dark adapted for 40 minutes, and tissue collection was performed under dim red light. Mice were euthanized through intraperitoneal injections of xylazine/ketamine overdose. Fine-tipped permanent marker was used to mark the superior 12 o\'clock position, eyes were enucleated and fixed in 4% paraformaldehyde (PFA) on ice for 5 minutes, then transferred to phosphate-buffered saline solution (PBS). Eyes were dissected under normal light conditions in PBS to remove the cornea and lens. For cross-sectional IHC, the eye-cups were fixed in 4% PFA for one hour, cryopreserved with sucrose, and frozen in OCT Compound (Tissue-Tek; Sakura Finetek, Torrance, CA, USA). Cups were cryosectioned horizontally at 12 µm thickness and stored at −20**°**C on glass slides. Tissue sections were rehydrated and permeabilized using primary incubation buffer (5% horse serum, 0.3% Triton X, 0.0025% sodium azide) for one hour and then incubated with the primary antibody overnight at 4**°**C. Sections were washed with PBS three times for five minutes and then incubated with the secondary antibody (1:800) in secondary incubation buffer (5% horse serum and 0.0025% sodium azide) for one hour at room temperature. Slides were washed with PBS three times, stained with DAPI (1:12,000) for 30 seconds, and then washed with PBS twice. For whole retinal flat mount IHC, the eye-cups were fixed in 4% PFA overnight at 4**°**C, sclera was removed, and the whole retinal cup was transferred to a 96-well plate. Whole retinas were incubated in primary antibodies for one week, washed with PBS four times for 30 minutes each, and incubated in secondary antibodies for two days. After four 30-minute washes, whole retinas were stained with DAPI overnight at 4**°**C and then washed two times for 10 minutes each. Whole retinas were cut into a cloverleaf pattern and mounted flat on a slide. The following primary antibodies were used: cGMP 1:500 (Prof. Harry Steinbush, Maastricht University, Maastricht, the Netherlands),[@bib4]^,^[@bib81] visual arrestin 1:50 (E-3; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), cone arrestin 1:30,000 (AB15282, Millipore, Temecula, CA, USA), CD11b 1:500-1000 (Serotec/Bio-Rad, Hercules, CA, USA), GFAP 1:50,000 (G9269; Sigma, St. Louis, MO, USA), and IBA1 1:500 (Novus Biologics, Centennial, CO, USA). Cone arrestin dilution was adjusted to 1:1000 for whole retinal flat mounts.

Microscopy and Cell Counting {#sec2-5}
----------------------------

For cross-sectional IHC, microscopy was performed on an Olympus FV1000 Laser Scanning Confocal Microscope (Olympus, Tokyo, Japan). Depth scan images were captured in Fluoview software using a ×10 or ×40 objective. Images were obtained only from optic nerve-containing tissue sections to ensure the horizontal location was consistent across the study. Three tissue sections were imaged nasally and temporally for one eye from each mouse. Images were either z-stacked in Fluoview or in ImageJ (version 2.0; National Institutes of Health). ImageJ was used to count the number of DAPI-stained cell rows of the outer nuclear layer (ONL) and cGMP-stained ONL cell bodies. The number of ONL rows was counted within a ×40 field at 10**°**, 30**°**, 50**°**, and 70**°** from the optic disc. The number of cGMP-positive cells in the ONL were counted within a ×10 field and normalized to the ONL area. The ONL row count and cGMP count for each mouse eye was an average of three tissue sections.

For whole retinal flat mount IHC, microscopy was performed on a Leica TCS SP8 X laser confocal microscope (Leica Microsystems, Buffalo Grove, IL, USA) using a ×20 objective. Imaris (Zurich, Switzerland) 3-D cell counting software was optimized to automatically quantify the number of cones by detecting the apical cell bodies. ImageJ z-stack was used to visualize microglia within the photoreceptor layer, outer plexiform layer (OPL), inner plexiform layer (IPL), and the layers composed of the vitreoretinal interface (VRI), nerve fiber layer (NFL), and ganglion cell layer (GCL). Microglia counts from each image were an average of two masked graders. The total count for each eye was an average of the four retinal quadrants.

OptoMotry {#sec2-6}
---------

Visuospatial sensitivity of mice was assessed as cycles per degree through observing the optokinetic head-tracking (OKT) response to vertical sine wave grating (OptoMotry, Cerebral Mechanics)[@bib82]^,^[@bib83] with 100% contrast and the brightest light condition (62 cd m^−2^). The observer was masked to the grating frequency. The minimum observation time was five minutes before determining that a mouse had no measureable OKT response. Both eyes were assessed separately and then averaged for analysis.

Mass Spectrometry {#sec2-7}
-----------------

Mycophenolate is a prodrug of mycophenolic acid (MPA), which is the active metabolite. Thus the concentration of MPA was measured through liquid chromatography-tandem mass spectrometry (LC-MS). Whole blood was collected from rd10 and c57 mice at the ocular or saphenous vein using ethylenediamine tetra-acetic acid--treated microvette collection tubes (Starstedt Inc., Nümbrecht, Germany). Plasma was isolated through 10 minutes' centrifugation at 2000 *g*. An MPA (Sigma-Aldrich, St. Louis, MO, USA) standard curve was prepared using c57 mouse plasma (Innovative, Novi, MI, USA) in methanol solution. A 3-µm particle size, 100 mm × 2.1 mm Hypersil GOLD LC column (Thermo, Waltham, MA, USA) was used. Samples were analyzed using a 5500 QTRAP hybrid/triple quadrupole linear ion trap mass spectrometer (AB SCIEX, Framingham, MA, USA) with electrospray ionization (ESI) in positive mode. The mass spectrometer was interfaced to a SIL-20AC XR auto-sampler followed by 2 LC-20AD XR LC pumps (Shimadzu, Columbia, MD, USA). The instrument was operated with the following source settings: 3500 V, source gas 1 (GS1) 30 psi, source gas 2 (GS2) 35 psi, curtain gas (CUR) 10, ion source temperature (TEM) 450°C, and collision activated dissociation (CAD) gas on high.

For retinal cGMP concentration levels, mice were dark-adapted as previously discussed. After euthanization, retinas were collected under dim red light and immediately frozen in liquid nitrogen. Whole retina samples were homogenized in 0.1 mol/L HCl then spun in a centrifuge at 500 *g* for 10 minutes, and supernatant was preserved. A cGMP standard curve was prepared with cGMP stock (Cat. 80-0153; Enzo, Farmingdale, NY, USA) in 0.1 mol/L HCl. A 2.6 µm 150 mm × 3 mm Kinetex F5 Core-shell LC Column (Phenomenex, Torrance, CA, USA) was used. Samples were analyzed using a 4000 QTRAP hybrid/triple quadrupole linear ion trap mass spectrometer (AB Sciex) with ESI in positive mode. The mass spectrometer was interfaced as described above. The instrument was operated with the following source settings: 4500 V, GS1 40 psi, GS2 50 psi, CUR 15, TEM 550°C, and CAD gas on medium.

Statistical Analysis {#sec2-8}
--------------------

Statistical analysis was performed using GraphPad Prism 7.03 (San Diego, CA, USA). A *t* test or one-way analysis of variance was used. For nonparametric comparisons, Mann-Whitney or Kruskal-Wallis test was used. Dunn\'s or Šidák correction was performed for multiple comparisons. A *P* value ≤ 0.05 was considered significant. To determine intergrader agreement for masked microglia counts, intraclass correlation coefficient with 95% confidence intervals (CI) was calculated.

Results {#sec3}
=======

MMF Delays Outer Retinal Thinning in rd10 and rd1 Mice {#sec3-1}
------------------------------------------------------

In vivo imaging using OCT showed that naïve rd10 mice exhibit rapid retinal degeneration starting at P15 with the majority of outer retinal thinning occurring by P20-23 ([Figs. 1](#fig1){ref-type="fig"}A--[1](#fig1){ref-type="fig"}C). Representative OCT images of age-matched animals at P22 show severe thinning of the photoreceptor layer as measured by REC+ in rd10 mice compared to c57 mice, whereas the inner retinal thickness appears stable ([Fig. 1](#fig1){ref-type="fig"}B). The rd10 mice treated with MMF 100 mg/kg starting at P12 (MMFP12) had profound preservation of REC+ that was significant thicker than in naïve rd10 mice by 26% at P16 (119.8 ± 1.69 µm vs. 95.0 ± 3.71 µm, *P* \< 0.0001), 28% at P19 (117.4 ± 1.08 µm vs. 91.9 ± 6.58 µm, *P* \< 0.0001), 123% at P22 (113.2 ± 1.38 µm vs. 50.7 ± 2.35 µm, *P* \< 0.0001), 28% at P27 (52.80 ± 3.03 µm vs. 41.39 ± 0.63 µm, *P* = 0.0021) and 40% at P35 (43.99 ± 3.27 µm vs. 31.55 ± 0.86 µm, *P* = 0.0029; [Fig. 1](#fig1){ref-type="fig"}C). However, at P60, there was no significant effect of MMFP12 in rd10 mice (27.0 ± 0.77 µm vs. 25.3 ± 0.46 µm, *P* \> 0.99). The neuroprotective effect of MMF was the greatest at P22, and representative OCT images show normal-appearing ONL, ellipsoid zone, and RPE in MMFP12-treated rd10 mice ([Fig. 1](#fig1){ref-type="fig"}B). Furthermore, at P22, the REC+ in MMFP12-treated rd10 mice and was significantly greater than vehicle-treated rd10 mice (113.2 ± 1.38 µm vs. 59.7 ± 1.42 µm, *P* \< 0.0001), but not significantly different than c57 mice that were naïve (122.8 ± 0.88 µm, *P* = 0.17) or treated with MMFP12 (113.0 ± 1.26 µm, *P* \> 0.99; [Fig. 1](#fig1){ref-type="fig"}D). There was also no significant difference in c57 mice that were naïve versus treated with MMFP12 (*P* = 0.27), which suggests that MMF had no effect on normal outer retinal structure. Early weaning alone at P13 had no effect on outer retinal degeneration by P22 (*P* \> 0.99; [Supplemental Fig. S1](#iovs-61-10-25_s001){ref-type="supplementary-material"}). Postnatal day 22 was also the earliest time point at which the majority of REC+ thinning was observed, so additional studies were performed at P22 to elucidate the therapeutic window and dose-response ([Fig. 1](#fig1){ref-type="fig"}D). The effect of MMF 100 mg/kg on REC+ preservation in rd10 mice was significantly lower when treatment was initiated just 24 to 48 hours later at P13 (MMFP13, 79.0 ± 3.30 µm, *P* \< 0.0001) or P14 (MMFP14, 63.4 ± 6.09 µm, *P* \< 0.0001). There was a clear dose response to MMFP12 treatment, wherein lower concentrations of MMF (50 and 25 mg/kg) had progressively reduced efficacy on REC+ preservation at P22 (88.9 ± 8.52 µm, *P* \< 0.0001, and 50.6 ±3.03 µm, *P* \<0.0001, respectively). As further proof of concept, MMF was also used to treat rd1 mice, which undergo earlier and more rapid retinal degeneration than rd10 mice ([Fig. 1](#fig1){ref-type="fig"}E). In rd1 mice, retinal degeneration is known to begin as early as P8 with significant retinal degeneration occurring by P15. Thus treatment with MMF 100 mg/kg was initiated at P8 (MMFP8) and assessed with OCT at P15. The treated rd1 mice had significantly thicker outer retina than naïve rd1 mice at P15 (+48%, 48.24 ± 1.45 vs. 32.65 ± 0.78 µm, *P* \< 0.0001), albeit the effect was more modest than in rd10 mice.

MMF Preserves Visual Function in rd10 Mice {#sec3-2}
------------------------------------------

In our lab the minimum age for a mouse to reliably tolerate a sedated full-field ERG was P22, thus ERG was not performed in rd1 P15 mice, but only rd10 mice at P22 and later time points. Full-field scotopic ERGs of MMFP12-treated rd10 mice showed significant preservation compared to naïve rd10 mice, but only at P22 for the a-wave of the mixed rod and cone response to maximal 3.39 log cd ∙ s/m^2^ stimulus (+254 µV: 354.5 ± 26.9 µV vs. 100.3 ±7.1 µV, *P* \< 0.0001; [Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}B). The a-wave amplitude from MMFP12-treated rd10 tended to be lower than naïve c57 mice (432 ±26.3 µV), but it did not reach statistical significance (*P* = 0.07). There was no treatment effect at P35 or P60. Treatment with MMFP12 did not confer any benefit to the scotopic b-wave amplitude of rd10 mice at any age for either the rod-dependent or mixed rod and cone response to −1.68 log cd ∙ s/m^2^ or 3.39 log cd ∙ s/m^2^ stimulus, respectively. To confirm the effect of MMFP12 at P22, an expanded spectrum (−0.1 to 3.39 log cd ∙ s/m^2^) of scotopic stimuli was also performed, which showed progressively greater a-wave amplitudes in treated rd10 mice as the intensity of the stimuli increased ([Fig. 2](#fig2){ref-type="fig"}C). In addition to a significant increase of +254 µV at 3.39 log cd ∙ s/m^2^ as stated above, rd10 MMFP12 mice also had larger a-wave amplitudes than naïve rd10 mice for the following stimuli: −0.14 log cd ∙ s/m^2^ (+80 µV: 102.0 ± 11.1 µV vs. 22.1 ± 3.0 µV, *P* = 0.008), 0.41 (+130 µV: 142.0 ±12.4 µV vs. 36.8 ± 3.5 µV, *P* = 0.013), 1.52 (+144 µV: 221.2 ±15.1 µV vs. 76.9 ± 8.8 µV, *P* = 0.0001). There was no effect of MMFP12 on the b-wave amplitude for any scotopic stimuli. Additionally, there was no effect of MMFP12 on the ERG of c57 mice, which suggests that MMF is not detrimental to the development of normal retinal function.

![Effect of MMF on scotopic retinal function in rd10 mice. (**A**) Naïve c57 mice have significantly greater scotopic b-wave amplitudes than either naïve rd10 or rd10 mice treated with MMF starting at P12 (MMFP12) for each stimuli at all ages (P22: n = 14, 8, 11; P35: n = 19, 18, 6; P60: n = 16, 7, and 6, respectively). The same was true for the a-wave response to 3.39 log cd\*s/m^2^, except at P22 where MMFP12-treated rd10 mice (n = 11) had amplitudes that were not significantly different than c57 mice (n = 14, *P* = 0.07), and both were significantly greater than that of naïve rd10 mice (n = 8, *P* \< 0.0001). There was no significant effect of MMFP12 treatment on the scotopic responses to 3.39 log cd ∙ s/m^2^ from rd10 mice at either P35 or P60. (**B)** Representative scotopic waveforms at P22 from naïve or MMFP12-treated rd10 and c57 mice in response to −1.68 or 3.39 log cd ∙ s/m^2^ stimuli. For the 3.39 log cd ∙ s/m^2^ stimuli, the rd10 mice treated with MMFP12 showed larger amplitude responses that were similar in appearance to c57 mice. (**C)** The expanded scotopic ERG protocol (stimulus: −4.3 to 3.39 log cd ∙ s/m^2^) showed that rd10 mice treated with MMFP12 (n = 11) had significant preservation of the a-wave amplitude as compared with naïve rd10 mice (n = 8): −0.14 (*P* = 0.008), 0.41 (*P* = 0.013), 1.52 (*P* = 0.0001), and 3.39 (*P* \< 0.0001) log cd ∙ s/m^2^ stimulus. The b-wave amplitude only showed a mild trend toward preservation that was not significant. There was no effect of MMFP12 treatment on the retinal function of c57 mice, which shows that MMF is not detrimental to the development of normal retinal function. cd ∙ s/m^2^, candela-seconds per square meter; ^\*^*P* ≤ 0.05.](iovs-61-10-25-f002){#fig2}

Full-field photopic ERGs did not show any effect of MMFP12 treatment in rd10 mice at P35 and P60. Photopic ERGs were not planned at P22 because the majority of cone degeneration occurs between P35 to P60 in rd10 mice, and we felt the time under anesthesia was better spent performing an expanded scotopic protocol at P22. The b-wave amplitude in c57 mice was significantly greater than rd10 mice that were either naïve or MMFP12-treated at P35 and P60 for all photopic stimuli. The c57 a-wave amplitude was significantly greater only for the 0.82 log cd ∙ s/m^2^ stimulus.

To correlate the findings of ERG with visual behavior, OKT was also performed. In our hands, mice that were P22 or younger were not sufficiently cooperative to produce reliable OKT responses. Thus, OKT could not be done on rd1 P15 mice, and rd10 mice were tested only at P35 and P60. Although ERG responses showed no benefit of MMFP12 at P35 and P60, OKT responses showed significantly better thresholds in MMFP12-treated rd10 mice, as compared with naïve rd10 mice at P35 (0.25 ± 0.01 vs. 0.18 ± 0.02 cycles/degree, *P* = 0.001; [Fig. 4](#fig4){ref-type="fig"}A). Moreover, MMFP12-treated rd10 mice continued to show significantly better performance on OKT up to P60 when naïve rd10 mice no longer had any evidence of a response (0.07 ± 0.02 vs. 0.0 ± 0.0 cycles/degree, *P* \< 0.0001; [Fig. 4](#fig4){ref-type="fig"}B).

MMF Preserves Photoreceptor Structure in rd10 Mice and rd1 Mice {#sec3-3}
---------------------------------------------------------------

Naive rd10 mice experienced a persistent decline in the number of ONL cell body rows from P13 to P19 (13.3 ± 0.4 to 8.0 ± 1.7) with a temporary trough to P20 (8.3 ± 0.4) and a subsequent rapid and severe loss by P22 (4.0 ± 0.5; [Fig. 5](#fig5){ref-type="fig"}A). In comparison, rd1 mice had an initial slower decline of ONL cell body rows from P8 to P11/12 (10.2 ± 0.2 to 9.3 ± 0.5), followed by a rapid loss by P15 (3.4 ± 0.4). Similar to the findings on OCT imaging, IHC show a robust neuroprotective effect of MMFP12 and MMFP8 treatment on photoreceptor structure in rd10 and rd1 mice, respectively. Compared with naïve rd10 mice at P22, MMFP12-treated rd10 mice had significantly greater ONL cell body rows (11.3 ± 0.5, *P* \<0.0001) that was in the normal range and not significantly different from c57 mice (11.7 ± 0.1, *P* = 0.85; [Figs. 5](#fig5){ref-type="fig"}A, [5](#fig5){ref-type="fig"}B). However, at P27 and P35, MMFP12 did not have a significant effect on rd10 mice. Compared with naïve rd1 mice at P15, MMFP8-treated rd1 mice had significantly more than double the number of ONL cell body rows (7.6 ± 0.4, *P* \< 0.0001).

To further evaluate the level of neuroprotection, additional structural IHC studies were performed on rd10 mice at p22. The rod and cone photoreceptor layer in MMFP12-treated rd10 mice appears to have cross-sectional morphology similar to c57 mice compared with severe photoreceptor degeneration in naïve rd10 mice, as visualized with immunolabeling for visual arrestin and cone arrestin, respectively ([Fig. 5](#fig5){ref-type="fig"}B). A spider plot of the ONL cell body rows, by degrees of horizontal eccentricity from the optic nerve, showed that the number of ONL cell body rows of in MMFP12-treated rd10 mice was significantly greater than naïve rd10 mice at all degrees measured: −70° (10.02 ± 0.9 vs. 3.72 ± 0.6, *P* = 0.02), −50° (10.0 ± 1.0 vs. 3.8 ± 0.5, *P* = 0.02), −30° (10.3 ± 0.9 vs. 3.4 ± 0.4, *P* = 0.05), −10° (10.7 ± 1.1 vs. 3.7 ± 0.4, *P* = 0.02), +10° (10.8 ± 1.3 vs. 3.9 ± 0.5, *P* = 0.005), +30° (11.1 ± 0.9 vs. 4.5 ± 0.6, *P* = 0.002), +50° (10.5 ± 0.8 vs. 5.0 ± 0.6, *P* = 0.02), and +70° (10.2 ± 0.8 vs. 4.5 ± 0.6, *P* = 0.01). There was no difference in ONL cell body rows among MMFP12-treated rd10 mice, MMFP12-treated c57 mice, and naïve c57 mice. Whole retinal flat mount IHC also showed that MMFP12-treated rd10 mice had normal appearance of cone arrestin-positive cone tip structure as compared to abnormally shortened morphology in naïve rd10 mice ([Fig. 5](#fig5){ref-type="fig"}C). The rd10 mice treated with MMFP12 also had significantly greater cone tip counts than naïve rd10 mice (3438 ± 27 vs. 2839 ± 56, *P* \< 0.0001), but still less than that of c57 mice (3670 ± 65, *P* = 0.03).

Immunohistochemistry showed that CD11b-positive microglia in MMFP12-treated rd10 mice at P22 appeared to be similar to that of c57 mice, in an inactive highly-ramified state limited to the nerve fiber layer/ganglion cell layer, inner plexiform layer, and outer plexiform layer, as opposed to naïve rd10 mice at p22 where activated microglia/macrophages develop an amoeboid morphology and migrate into the outer retina and subretinal space ([Fig. 6](#fig6){ref-type="fig"}A).[@bib84] However, by P35, the microglia/macrophages in the retina of MMFP12-treated rd10 mice were similar to naïve rd10 mice, showing an activated phenotype and migrating into the ONL and subretinal space ([Supplementary Fig. S2](#iovs-61-10-25_s002){ref-type="supplementary-material"}). To confirm the findings at P22, microglia IHC was also quantified en-face using whole retinal flat mounts with CD11b and Iba1 antibodies ([Fig. 6](#fig6){ref-type="fig"}B). The microglia counts between the two masked graders were highly correlated with an intraclass correlation coefficient of 0.847 (95% CI: 0.747-0.903). Within the VRI/NFL+GCL, rd10 mice treated with MMFP12 tended to have less microglia than naïve rd10 mice but was not statistically significant (45 ± 2 vs. 53 ± 3, *P* = 0.12). For all the other layers, MMFP12-treated rd10 mice had significantly less microglia than naïve rd10 mice: IPL (59 ± 4 vs. 73 ± 2, *P* = 0.02), OPL (68 ± 4 vs. 81 ± 3, *P* = 0.046), and photoreceptor layer (16 ± 4 vs. 91 ± 5, *P* \< 0.0001). Representative IHC images show that the microglia within the IPL and OPL were more ramified and less densely packed in MMFP12-treated rd10 than naïve rd10 mice. The microglia appeared amoeboid within the photoreceptor layer in naïve and MMFP12-treated rd10 mice; however, they were dramatically less numerous in the latter.

MMF Delays Activation of Mueller Cells in rd10 Mice {#sec3-4}
---------------------------------------------------

Consistent with the microglial/macrophage results, immunolabeling for glial fibrillary acidic protein (GFAP) showed predominant staining limited to the footplates, indicating the Mueller cells were in the resting state in c57 mice and not overtly activated in MMFP12-treated rd10 mice, compared with extensive GFAP upregulation of activated Mueller cells in naïve rd10 at P22 ([Supplementary Fig. S3](#iovs-61-10-25_s003){ref-type="supplementary-material"}). At P35, GFAP was upregulated in the retina of both MMFP12-treated and naïve rd10 mice.

MMF Inhibits cGMP-Dependent Photoreceptor Cytotoxicity in rd10 and rd1 Mice {#sec3-5}
---------------------------------------------------------------------------

The anti-cGMP primary antibodies used in this study were validated in the brain and retina in prior studies,[@bib81]^,^[@bib85]^,^[@bib86] and have been used extensively by Paquet-Durand and colleagues to demonstrate cGMP-dependent photoreceptor cell death in rodent models of RP.[@bib4] Similar to these prior studies, we also observed that scattered cGMP staining was evident on the ONL cell bodies and residual outer segments of degenerating photoreceptors in naïve rd10 and rd1 mice, whereas the retina from c57 mice exhibited no evidence of staining ([Fig. 7](#fig7){ref-type="fig"}A). Quantification of cGMP immunolabeling in the ONL of rd1 and rd10 mice showed no appreciable staining at P8 and P15, respectively (0.23 ± 0.06 and 0.19 ± 0.05 counts/µm^2^; [Fig. 7](#fig7){ref-type="fig"}B). Subsequently, photoreceptor cGMP cytotoxicity became evident and increased to peak levels in approximately one week in both rd1 mice (P15: 74.6 ±8.6 counts/µm^2^) and rd10 mice (P24: 15.0 ± 3.5 counts/µm^2^). Interestingly, before reaching peak levels, rd1 mice had an inflection at P11-13 (range 17.6--20.5 counts/µm^2^) and rd10 mice had an initial plateau at P16-19 (range 4.4--5.4 counts/µm^2^). Wild type c57 mice had no appreciable cGMP positive cell counts at all time points analyzed: P15, P22, and P35. Treatment with MMF showed dramatic suppression of cGMP immunoreactivity in both rd1 and rd10 mice. Compared with the peak levels of cGMP staining at P15 in naïve rd1 mice, MMFP8-treated rd1 mice had a 59% lower level of staining (30.9 ± 2.2 counts/µm^2^, *P* = 0.0001).

Compared with naïve rd10 mice, MMFP12-treated rd10 mice had completely suppressed cGMP staining at P16 (5.02 ± 0.96 vs. 0.003 ± 0.003 counts/µm^2^, *P* = 0.0019), P17 (4.36 ± 0.57 vs. 0.0022 ± 0.0010 counts/µm^2^, *P* = 0.0003), P19 (5.44 ± 1.47 vs. 0.025 ± 0.023 counts/µm^2^, *P* = 0.0071), and P22 (14.14 ± 2.46 vs. 0.076 ± 0.040 counts/µm^2^, *P* \< 0.0001). At the height of cGMP cytotoxicity at P22 in naïve rd10 mice, MMFP12-treated rd10 mice appeared normal and were not significantly different from c57 mice (*P* \> 0.9999). However, MMFP12-treated rd10 mice eventually exhibited cGMP immunoreactivity after P22, which was similar in magnitude to the smaller initial cGMP spike in naïve rd10 mice at P16, but never approached the highest levels in naïve rd10 observed at P24. At P27, MMFP12-treated rd10 mice still had significantly lower cGMP staining than naïve rd10 mice (5.13 ± 1.04 vs. 12.35 ± 0.91 counts/µm^2^, *P* = 0.0013), but at P35 the results were not significantly different (5.48 ± 0.38 vs. 6.14 ± 0.59 counts/µm^2^, *P* = 0.40). Given that the greatest effect of MMF treatment was at P22, additional studies were performed at this age to further characterize the window of treatment initiation ([Fig. 7](#fig7){ref-type="fig"}C). When the initiation of MMF treatment in rd10 mice was delayed by one or two days, there was a progressive increase in cGMP staining. Compared with rd10 MMFP12 mice, the rd10 mice where treatment began at P14 (MMFP14) had significantly greater cGMP immunostaining of the ONL by P22 (5.66 ± 0.86 counts/µm^2^, *P* = 0.05).

The Effect of MMF on Whole Retinal cGMP Levels in rd10 and rd1 Mice {#sec3-6}
-------------------------------------------------------------------

The first evidence that cGMP was associated with retinal degeneration was in the form of elevated whole retinal cGMP in rd1 mice.[@bib8] However, to our knowledge, whole retina levels of cGMP in rd10 mice have not previously been published. In this study, we validated our LC-MS method with each batch of samples by using masked positive (purified cGMP) controls of different concentrations and masked negative controls. Comparable to prior studies, we show that whole retinal levels of cGMP in rd1 mice are significantly greater than c57 mice at P13 (29.0 ± 5.9 vs. 4.8 ± 0.3 pmol/retina, *P* = 0.0024), P15 (30.0 ± 4.3 vs. 7.4 ± 0.9 pmol/retina, *P* \< 0.0001), and P17 (23.5 ± 8.2 vs. 5.5 ± 0.5 pmol/retina, *P* = 0.0136; [Fig. 8](#fig8){ref-type="fig"}). In addition, c57 mice exhibited a gradual rise in whole retinal cGMP levels that plateaued at P27. The cGMP levels in rd1 mice were significantly greater than rd10 mice at P12 (3.3 ±0.5 pmol/retina, *P* \< 0.0001), P15 (3.1 ± 0.4 pmol/retina, *P* \< 0.0001), and P17 (3.3 ± 0.2 pmol/retina, *P* = 0.008).

However, naïve rd10 mice had cGMP levels that trended lower than c57 from P15 to P19 and were significantly lower than c57 mice at P22 (3.3 ± 0.4 vs. 6.5 ± 0.5 pmol/retina, *P* \< 0.0001), P27 (2.5 ± 0.4 vs. 10.1 ± 1.5 pmol/retina, *P* = 0.0002), and P35 (1.5 ± 0.3 vs. 10.0 ± 1.2 pmol/retina, *P* \< 0.0001). Interestingly, rd10 mice had a relative peak in cGMP levels at P19 (5.06 ± 0.54 pmol/retina), which then declined thereafter. Compared with naïve animals, treatment with MMF had no significant effect on cGMP levels at P15 in rd1 MMFP8 mice (72.0 ± 16.3 pmol/retina, *P* = 0.32) and P22 in rd10 MMFP12 mice (3.1 ± 0.4 pmol/retina, *P* = 0.70), respectively. The cGMP levels in MMFP12-treated rd10 mice were also not significantly different than naïve rd10 mice at P27 (5.7 ± 1.1 pmol/retina, *P* = 0.08) and P35 (3.1 ± 0.5 pmol/retina, *P* = 0.26). However, MMFP12-treated rd10 mice tended to have higher cGMP levels at P27, creating a relative peak, which suggests that MMF delays the peak of cGMP in naïve rd10 mice by eight days.

MPA Levels in the Plasma and Retina {#sec3-7}
-----------------------------------

Whole retinal levels of MPA quantified by LC-MS showed that the retinal concentration was about 3000 to 4000 times lower than the concentration in plasma ([Supplementary Fig. S4](#iovs-61-10-25_s004){ref-type="supplementary-material"}). Moreover, there was a decline in plasma MPA levels from P16 (25.4 ± 7.0 µmol/L, n = 6) to P18 (4.23 ± 0.12 µmol/L, n = 4) along with a corresponding decline in whole retinal levels that also occurred after P16 (8.41 ± 0.80 nmol/L, n = 4) reaching a trough concentration after P22 (1.80 ± 0.44 nmol/L, n = 21).

Discussion {#sec4}
==========

We show that early treatment with MMF potently inhibits cGMP-dependent photoreceptor cytotoxicity and slows the initial rate of retinal degeneration in two mouse models of RP with mutations in the gene *Pde6b*, albeit with a greater effect in rd10 than rd1 mice ([Figs. 1](#fig1){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [7](#fig7){ref-type="fig"}). The neuroprotective effect of MMF in rd10 mice was specific to the rescue of cone tip morphology/density and scotopic cone function ([Figs. 2](#fig2){ref-type="fig"}[^3^](#fig3){ref-type="fig"}[^4^](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}). Indeed, it has recently been shown that inhibitory cGMP analogs also rescue photoreceptor degeneration in the rd1 and rd10 mice.[@bib63] Similar to our results, Vighi et al.[@bib63] showed that early treatment with these cGMP analogs produced greater neuroprotection in rd10 mice by P24 than in rd1 mice by P14. The beneficial effect of cGMP analogs in rd10 mice also waned thereafter with a smaller effect by P30. In contrast, the cGMP analogs produced no significant effect at P18 and partial preservation at P24 in rd10 mice, whereas our data showed that MMF produced complete structural preservation of the photoreceptor layer in rd10 mice between P16 and P22. Thus there may be additional benefit of a drug like MPA that may mitigate cGMP dysregulation further upstream ([Fig. 9](#fig9){ref-type="fig"}). It is well-established that MPA inhibits IMPDH and reduces the intracellular pool of guanine nucleotides (GMP, guanosine diphosphate \[GDP\], guanosine trisphosphate \[GTP\]).[@bib70] This suggests that MPA can effectively modulate the precursors of cGMP at the cellular level and thereby inhibit cGMP-dependent photoreceptor cell death. Alternatively, a relative reduction in guanine nucleotides may inhibit other potential pathways of cell death that may be dependent on high levels of GDP and GTP. A recent study indicates that these rhodopsin-mediated transducin-independent pathways may very well exist in rd10 mice.[@bib87] The mechanisms of photoreceptor pathophysiology upstream of cGMP cytotoxicity require further elucidation. Nevertheless, these studies demonstrate that manipulation of cGMP cytotoxicity via the use of cGMP analogues or IMPDH inhibitors is a viable strategy that may represent a new class of neuroprotective agents.

![Effect of MMF on photopic retinal function in rd10 mice. Treatment with MMF beginning at P12 (MMFP12) had no significant effect on photopic responses in rd10 mice at P35 or P60. At P35, c57 mice (n = 19) had significantly greater photopic b-wave amplitudes than either naïve rd10 (n = 18) or MMFP12-treated rd10 mice (n = 6). Similarly, at P60, c57 mice (n = 16) had significantly greater b-wave amplitudes than naïve rd10 (n = 7) and MMFP12-treated rd10 mice (n = 6). For a-wave amplitudes, c57 mice were significantly greater only for the 0.82 log cd ∙ s/m^2^ photopic stimulus. cd ∙ s/m^2^, candela-seconds per square meter; ^\*^*P* ≤ 0.05.](iovs-61-10-25-f003){#fig3}

![Effect of MMF on OKT Responses in rd10 Mice. (**A)** At P35, OKT responses showed significantly better thresholds in rd10 mice treated with MMF beginning at P12 (MMFP12; n = 13), as compared with naïve rd10 mice (n = 12, *P* = 0.001). (**B**) At P60, OKT responses in MMFP12-treated rd10 mice (n = 8) were still significantly better than naïve rd10 mice (n = 15) which no longer exhibited OKT behavior (*P* \< 0.0001). ^\*^*P* ≤ 0.05.](iovs-61-10-25-f004){#fig4}

![Effect of MMF on photoreceptor structure at P22 in rd10 and rd1 mice. **(A)** Quantification of the average number of ONL cell body rows in rd10 and rd1 mice show progressive decline over P8-19 and P13-P35, respectively. Wild-type c57 mice had stable ONL cell body counts at P22 and P35. Compared with naïve animals, treatment with MMF beginning at P8 (MMFP8) in rd1 mice or P12 (MMFP12) in rd10 mice showed significant preservation of ONL cell body rows at P15 (n = 8 and 3, *P* \< 0.0001) and P22 (n = 11 and 7, *P* \< 0.0001), respectively. However, there was no difference between MMFP12-treated and naïve rd10 mice at P27 (n = 6 and 4, *P* = 0.44) or P35 (n = 3 and 3, *P* = 0.97). (**B)** IHC at P22 of MMFP12-treated rd10 mice showed normal appearance of photoreceptor structure similar to c57 naïve mice as visualized with DAPI stain and immunolabeling for visual arrestin 1:50 (*red*) and cone arrestin 1:30,000 (*white*). Naïve rd10 mice had severely thinned ONL layer and disorganized cone and rod outer segments. A spider plot of the average number of ONL cell body rows, quantified by DAPI staining, per degrees of horizontal eccentricity from the optic nerve showed that MMFP12-treated rd10 mice (n = 10) had significantly greater ONL rows than naïve rd10 mice (n = 11) at −70° (*P* = 0.02), −50° (*P* = 0.02), −30° (*P* = 0.05), −10° (*P* = 0.02), +10° (*P* = 0.005), +30° (*P* = 0.002), +50° (*P* = 0.02), and +70 degrees (*P* = 0.01). There was no difference in ONL cell body rows between MMFP12-treated rd10 mice, MMFP12-treated c57 mice (n = 5), or naïve c57 mice (n = 4). (**C)** Cone arrestin 1:1000 whole retinal flat mount IHC also showed that MMFP12-treated rd10 mice had normal-appearing cone tips as compared with degenerated shortened cone tips in naïve rd10 mice. The rd10 mice treated with MMFP12 (n = 4) had significantly greater cone tip counts than naïve rd10 mice (n = 4), *P* \< 0.0001), but still less than that of c57 mice (n = 4, *P* = 0.03). INL, inner nuclear layer; ns, non-significant; ^\*^*P* ≤ 0.05.](iovs-61-10-25-f005){#fig5}

The difference in efficacy of neuroprotection between the two mouse models is most likely associated with the severity of the genetic mutation in *Pde6b*. Although rd1 mice have an intronic MVL virus insertion and a second nonsense point mutation in exon 7 of *Pde6b*, the rd10 mice harbor a missense mutation, Arg560Cys in exon 13. These mutations result in a retinal degeneration in rd1 mice that is more severe and rapid than rd10 mice ([Fig. 5A](#fig5){ref-type="fig"}). The level of PDE6B expression and the level of intracellular cGMP immunolabeling are inversely correlated in rd1 and rd10 mice, with rd1 mice having lower levels of PDE6B and higher levels of cGMP staining.[@bib4]^,^[@bib10] Our results not only confirm the findings of Arango-Gonzalez et al.,^4^ but we also show that the longitudinal dynamics of cGMP cytotoxicity in rd10 and rd1 mice were distinct ([Fig. 7](#fig7){ref-type="fig"}B). We observed a peak in cGMP cytotoxicity at P15 in rd1 mice that was 5 times greater than the peak in rd10 mice at P24. Our results also show that the rise in cGMP staining had an inflection point in rd1 mice at P11-13, and a temporary plateau in rd10 mice at P16-19. These time points correlate with the onset of rapid degeneration of ONL cell bodies in rd1 mice versus a trough in ONL degeneration in rd10 mice. In rd10 mice, cGMP staining rise rapidly again after the plateau to reach a second peak at P22 to P24 that is correlated with an even more rapid rate of ONL loss. Interestingly, studies of cell death using TUNEL assay show two peaks of cell death at P18 and P22-24 in rd10 mice,[@bib4] which correlate with our data. Together, these findings illustrate a complex interplay of cGMP cytotoxicity and subsequent photoreceptor cell death, wherein there may be multiple waves of cGMP-dependent photoreceptor degeneration according to photoreceptor type and/or retinal geography.

Our study confirms that cGMP immunostaining is a specific biomarker of cGMP-dependent cell death, whereas whole retinal cGMP levels were divergent between the rd1 and rd10 mice and do not correlate well with the dynamics of retinal degeneration or neuroprotection. In 1974, Farber et al.[@bib8] showed that retinal degeneration in rd1 mice was associated with highly elevated whole retinal levels of cGMP, and it was subsequently thought to be explained by the mutation in *Pde6b*. However, this reasoning is incompatible with our whole retinal cGMP data. Using LC-MS to quantify whole retinal cGMP levels, we confirm the findings of Farber et al.[@bib8] in rd1 mice ([Fig. 8](#fig8){ref-type="fig"}), but show that whole retinal cGMP levels in rd10 mice are surprisingly lower than normal. One obvious hypothesis is that the mutation in rd10 mice may cause constitutive cGMP hydrolysis, however PDE enzyme activity has been shown to be severely attenuated in rd10 mice.[@bib11] Our results are supported by studies in another mouse model with an alternative missense mutation in *Pde6b* (H620Q), which showed that whole retinal levels of cGMP were not significantly different than normal.[@bib88] Thus, even though the various *Pde6b* mutations in the rd1, rd10, and *Pde6b*^H620Q^ mice have all been shown to result in decreased Pde6b expression and/or enzyme activity,[@bib10]^,^[@bib88] the subsequent effect on the whole retinal levels of cGMP is unpredictably variable with concentrations that are high, low, or normal, respectively. These observations indicate that different mutations in the same gene, *Pde6b*, can result in distinct consequences in pathophysiology, which is a concept well known for other genes such as *Rho*.[@bib89] A complete multimeric structure for the PDE6 heterodimer is not yet available, making it difficult to predict specific changes in overall enzyme stability or function because of mutations in *Pde6b*.[@bib90] Moreover, PDE6 interactions with other molecules is complex and its enzymatic activity is itself influenced by the cGMP microenvironment via its noncatalytic cGMP binding sites.[@bib91] As such, the pathophysiology of PDE6-mediated cGMP dysregulation in the context of retinal degeneration is likely much more complex than our current understanding of cGMP homeostasis in photoreceptors.[@bib16] Taken together with the literature, our data show that the effect of different mutations in *Pde6b* on whole retinal cGMP dysregulation is difficult to predict and do not correlate with cGMP-dependent photoreceptor cell death.

This seeming contradiction in the results of cGMP IHC versus whole retinal cGMP is due to the inherent differences in the two assays as follows: (1) Whole retinal cGMP is quantitative but is an average measurement of all retinal cell types, while cGMP IHC is semiquantitative but is a biomarker specific to the photoreceptors. Although the main contributor of whole retinal cGMP is from the photoreceptors in rd1 mice,[@bib8] it is unknown if this assumption holds for all mouse models of RP. (2) Whole retinal cGMP measurement using LC-MS detects free cGMP with high sensitivity and no floor effect in c57 mice, whereas the signal in cGMP IHC is mediated by an antibody that binds to an unknown photoreceptor protein that is cross-linked with cGMP. Thus it is unknown whether c57 mice have no cGMP staining because the intracellular cGMP levels are below the threshold of detection by IHC or that the sequestration of cGMP with an unknown protein only occurs in photoreceptors undergoing cell death. This latter explanation may be the reason why cGMP immunostaining is also found in mouse models of retinal degeneration with mutations in genes not directly associated with cGMP metabolism.

The neuroprotective effect of MMF was also correlated with a reduction in microglia activation and infiltration, as well as Mueller cell activation in rd10 mice ([Fig. 6](#fig6){ref-type="fig"}[^7^](#fig7){ref-type="fig"}[^8^](#fig8){ref-type="fig"}[^9^](#fig9){ref-type="fig"}, [Supplementary Fig. S3](#iovs-61-10-25_s003){ref-type="supplementary-material"}). Indeed, microglial-dependent photoreceptor cell death has been implicated in RP,[@bib84] and modulation of microglia has been shown to be neuroprotective.[@bib22]^,^[@bib30]^,^[@bib31]^,^[@bib49]^,^[@bib55]^,^[@bib84] Although MMF is known to inhibit microglial activation in vitro,[@bib76] the main neuroprotective mechanism of MMF in rd10 mice is most likely due to mitigation of upstream cGMP-associated cell death pathways. Our data shows very clearly that the therapeutic window of MMF treatment in rd10 mice is very early at P12, which is nearly one week before microglia activate and migrate to the ONL.[@bib84]

![Effect of MMF on microglia in rd10 mice. **(A)** Immunostaining of CD11b 1:1000 (green) showed that microglia at P22 in rd10 mice treated with MMF beginning at P12 (MMFP12) appeared to be similar to that of c57 mice; they were in an inactive highly-ramified state within the inner retinal layers, as opposed to naïve rd10 mice where infiltrating microglia/macrophages develop an amoeboid morphology and migrate into the outer retina and subretinal space (*white arrows*). (**B)** En-face microglia IHC using whole retinal flat mounts and CD11b and Iba1 antibodies (1:500) show that microglia within the IPL and OPL were more ramified and less densely packed in MMFP12-treated rd10 than naïve rd10 mice. The microglia had amoeboid morphology within the photoreceptor layer in both naïve and MMFP12-treated rd10 mice, but dramatically less numerous in the latter. Microglia counts were significantly less numerous in the IPL (*P* = 0.02), OPL (*P* = 0.046), and photoreceptor layer (*P* \< 0.0001) for MMFP12-treated rd10 mice (n = 4) than naïve rd10 mice (n = 4). There was no significant difference within the VRI/NFL+GCL (p =0.12).^\*^*P* ≤ 0.05.](iovs-61-10-25-f006){#fig6}

![Effect of MMF on cGMP IHC in rd10 and rd1 mice. **(A)** Nuclear stain with DAPI (*blue*) and immunostaining of cGMP 1:500 (*red*) show that rd10 mice treated with MMF starting at P12 (MMFP12) and c57 mice had no cGMP staining of the ONL as compared with naïve rd10 mice, which had scattered staining of the ONL cell bodies and residual photoreceptor outer segments. Compared with naïve rd1 mice, treatment with MMF starting at P8 (MMFP8) inhibited cGMP immunostaining when normalized to the ONL area. (**B)** cGMP IHC quantified as positive cell counts per ONL area showed that naïve rd10 mice exhibited an abrupt onset of cGMP staining beginning at P16 and spiked even higher at P22-24. Naïve rd1 mice had an even more dramatic rise in cGMP immunostaining from P8 to P11/12 with an inflection at P13 and an even greater peak at P15. Wild type c57 mice had no appreciable cGMP positive cell counts at all time points analyzed: P15, P22, and P35. Compared with naïve rd10 mice, treatment with MMFP12 significantly suppressed cGMP staining at P16 (n = 4 and 4, *P* = 0.0019), P17 (n = 4 and 4; *P* = 0.0003), P19 (n = 3 and 4; *P* = 0.0071), and P22 (n = 11 and 9; *P* \< 0.0001). At P27, MMFP12-treated rd10 mice still had significantly lower cGMP staining than naïve rd10 mice (n = 6 and 4; *P* = 0.0013), but at P35 it was not significantly different (n = 3 and 3; *P* = 0.40). Compared with naive rd1 mice, MMFP8 treatment significantly suppressed cGMP immunoreactivity at P15 (n = 8 and 7; *P* \< 0.0001). (**C)** The inhibitory effect of MMF on cGMP staining in rd10 mice at P22 was significantly diminished when treatment initiation was delayed from P12 to P14 (MMFP14, n = 6; *P* = 0.05). INL, inner nuclear layer; ns, nonsignificant; ^\*^*P* ≤ 0.05.](iovs-61-10-25-f007){#fig7}

![Effect of MMF on whole retinal cGMP levels in rd10 and rd1 mice. Whole retinal levels of cGMP quantified by LC-MS show that in c57 mice, there was a gradual rise that plateaued by P27. Naïve rd1 mice had cGMP levels significantly greater than c57 mice at P13 (n = 4 and 5, *P* = 0.0024), P15 (n = 17 and 11, *P* \< 0.0001), and P17 (n = 3 and 4, *P* = 0.0136), whereas rd10 mice had cGMP levels that trended lower than c57 from P15 to P19 and were significantly lower than c57 mice at P22 (n = 14 and 13, *P* \< 0.0001), P27 (n = 8 and 9, *P* = 0.0002), and P35 (n = 9 and 10, *P* \< 0.0001). The cGMP levels in rd1 mice were significantly greater than rd10 mice at P12 (n = 3 and 6, *P* \< 0.0001), P15 (n = 17 and 13, *P* \< 0.0001), and P17 (n = 3 and 5, *P* = 0.008). Naïve rd10 mice exhibited a relative spike in cGMP levels at P19, which appeared to be delayed until P27 in rd10 mice treated with MMF beginning at P12 (MMFP12). However, for each time point, cGMP levels were not significantly different between naïve and MMFP12-treated rd10 mice at P22 (n = 13, *P* = 0.70), P27 (n = 6, *P* = 0.08), and P35 (n = 6, *P* = 0.26). Compared with naïve rd1 mice, the cGMP levels were also not significantly different in MMFP8-treated rd1 mice at P15 (n = 7, *P* = 0.32). ns, nonsignificant; ^\*^*P* ≤ 0.05.](iovs-61-10-25-f008){#fig8}

![Mechanism of action of MPA. This schematic shows the guanine nucleotide synthesis via the de novo and salvage pathway, and the mechanism of action of MPA inhibition of the de novo pathway. The phototransduction cascade is also shown, highlighting the mutant PDE6b subunit and PDE6 enzyme. In rd10 mice, the mutation leads to intracellular elevation of cGMP and calcium, triggering cell death via an alternative pathway or calpain, respectively. The alternative pathway is associated with PKG, HDAC, and PARP.[@bib4] PRPP, phoribosyl-1-pyrophosphate; HGPRTase, hypoxanthine-guanine phosphoribosyltransferase; IMP, inosine 5′-monophosphate; XMP, xanthosine monophosphate; GMPS, GMP synthetase; RDR, ribonucleotide diphosphate reductase; GK, guanylate kinase; NDPK, nucleoside diphosphate kinase; GC, guanylate cyclase; GCAP, GC-activating protein; PKG, protein kinase G; HDAC, histone deacetylase; PARP, poly-ADP-ribose-polymerase; CNG, cyclic nucleotide-gated ion channel; NAD, nicotinamide adenine dinucleotide; RHO, rhodopsin; T, transducin; ATP, adenosine triphosphate; ^\*^activate form of molecule.](iovs-61-10-25-f009){#fig9}

Early treatment with MMF appeared to be safe in wildtype mouse eyes, having no detrimental effect on retinal structure or function ([Fig. 1](#fig1){ref-type="fig"}D, [2](#fig2){ref-type="fig"}C, [5](#fig5){ref-type="fig"}B). The most common dose-dependent side effects include stomach upset, diarrhea, and susceptibility to infections. There is also risk of reversible liver, kidney, or bone marrow dysfunction, which is routinely monitored with blood work in patients taking MMF. Our murine dose of MMF at 100 mg/kg/day, given an estimated ∼7 fold metabolic difference between humans and rodents, is equivalent to a human dose of 14.3 mg/kg/day, which is two to three times lower than the dose typically used in the treatment of uveitis (∼33.3 to 50 mg/kg/day). Given that adverse events from MMF are typically dose-related, the relatively low therapeutic dose that is anticipated suggests that the neuroprotective dose for MMF should have a better safety profile. Although MMF treatment in rd10 mice was limited by metabolism and bioavailability ([Supplementary Fig. S4](#iovs-61-10-25_s004){ref-type="supplementary-material"}), durable neuroprotection of visual behavior was observed up to P60 ([Figs. 1](#fig1){ref-type="fig"}, [3](#fig3){ref-type="fig"}), which support potential benefit of long-term therapy. Clinically, it has already been shown that MMF can be well tolerated for long periods in patients with organ transplant, rheumatologic disease, and uveitis.[@bib79]^,^[@bib92]^,^[@bib93] Future studies are aimed at developing an alternative MPA prodrug with better retinal bioavailability, and intraocular delivery strategies. Either way, the use of MMF or MPA is not without risk, and we hope these studies will eventually lead to a clinical trial to establish the benefit-risk ratio in patients with RP.

Even with the recent success of gene therapy for *RPE65*, there remains an unmet need to develop neuroprotective agents that can be applied more broadly to mitigate common pathways of retinal degeneration. We show that MMF inhibits cGMP-dependent photoreceptor cytotoxicity in two models of RP even though the different mutations in *Pde6b* cause divergent consequences in whole retinal cGMP pathophysiology. Although additional studies in other RP genes associated with cGMP cytotoxicity will be required to establish generalizability of the effect of MMF in RP, we present proof of principle that MMF may be an important new class of neuroprotective agent that could be useful in the treatment of patients with RP.
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